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Synopsis:

We havedevelopedacomputermodelof geomagneticverticalcutoffsapplicableto theorbit of the

InternationalSpaceStation. This modelaccountsfor thechangein geomagneticcutoff rigidity asa

functionof geomagneticactivity level. This modelwasdeliveredto NASA JohnsonSpaceCenter

in July 1999andtestedon theSpaceRadiationAnalysisGroupDEC-Alphacomputersystemto

ensurethat it will properlyinterfacewith othersoftwarecurrentlyusedat NASA JSC. The

softwarewasdesignedfor easeof beingupgradedasotherimprovedmodelsof geomagneticcutoff

asafunctionof magneticactivity aredeveloped.



Introduction:

Theminimummomentumachargedparticlemustpossessto penetrateto a specified

positionin theearth'smagneticfield is calledthegeomagneticcutoff rigidity. Magneticrigidity is

momentumperunit chargeandis acanonicalcoordinatethatis independentof thechargedparticle

massor isotopiccomposition.Geomagneticcutoff rigidities (Sheaet al., 1965)quantifythe

geomagneticshieldingprovidedby theearth'smagneticfield. (SeeCookeet al., 1991for

contemporarydefinitionsof geomagneticcutoff rigidities.) Thegeomagneticcutoff rigidity value

uniquelydescribeschargedparticleaccessto a specificlocationin theearth'smagneticfield.

Accuratecutoff rigidity valuespermitcalculationof theintensityof thegalacticcosmicradiationor

energeticsolarparticleradiationat anylocationon theearthor in near-earthspace.Geomagnetic

cutoff valuescanbeconvertedto thecutoff energyof anyelementor specificisotopewhenthe

atomicnumberandatomicmassarespecified.

Work performedunderthis granthasresultedin thedevelopmentof averticalcutoff

rigidity modelfor spaceapplications.For spacedosimetryapplicationsit is necessaryto beableto

accountfor everyenergeticchargedparticlehavingaccessto thespacevehicleor astronaut.This

improvedverticalcutoff modelfor spaceapplicationsaccomplishesthisby specifyingtheupper

verticalcutoff value,the lowerverticalcutoff valueandtheaveragepenumbraltransmission

betweenthesetwo valuesfor aspecificlocationandaltitude.

Thiswork incorporatesourmostrecentresultsof calculatingtheverticalcutoff changes

expectedasaresultof magneticactivity (Smartet al., 1999a,b,c).Thesegeomagneticvertical

cutoff rigidities werederivedfrom calculationsemployingtheFltickiger-Kobelversionof the

cosmicraytrajectoryprogram(privatecommunication)whichcontainstheTsyganenko(1989)

magnetosphericmodelasmodifiedby Boberget al. (1995)to accommodateadditionalmagnetic

activity levels. Thebasicdatautilized for this effort consistedof verticalcutoff rigidity values

every5 degreesin latitudeand 15degreesin longitudefor magneticactivity levelsrangingfrom

Kp = 0 to Kp= 9.



A moredetaileddescriptionof thesoftwareis givenin AppendixA: Descriptionof the5

Degreeby 5-DegreeGeomagneticInterpolationMethod.

Results:

We havedevelopedcomputersoftware,written in FORTRAN77 thatwill provide

geomagneticverticalcutoff rigidity values appropriate for the position of the International Space

Station. The input parameters required are the space station position (geographic latitude,

longitude, altitude) and the magnetic activity level specified by the Kp index. The vertical cutoff

rigidity values provided include an upper vertical cutoff, a lower vertical cutoff, and the average

transmission efficiency through the penumbra. The vertical cutoff rigidities for a specific

spacecraft position are determined by interpolation in a series of "look up" tables (one value for

each integer Kp magnetic index value between zero and 9).

When a specified magnetic activity level is given and the vertical cutoff rigidity tables for

that magnetic index loaded, there is further interpolation between world grid locations. The

McIlwain "L" parameter has been demonstrated to be an excellent ordering parameter for cosmic

ray cutoff rigidities (Smart and Shea, 1967; Shea et al., 1985). First, the "L" parameter is used to

interpolate in latitude. Then linear interpolation is used to obtain the vertical cutoff rigidity

appropriate for the longitude of the International Space Station position. The "L" parameter is also

an excellent parameter to interpolate in altitude in order to account for the difference between the

exact orbiting altitude of the International Space Station at a specific time and the altitude of the

geomagnetic cutoff calculations (i.e. 450 km above the average earth radius).

The basic world grids of vertical cutoff rigidities every 5 degrees in latitude and 15 degrees

in longitude were interpolated to a set of vertical cutoff rigidity world girds every 5 degrees in

latitude and 5 degrees in longitude. The software was written employing these 5 degree by 5

degree vertical cutoff rigidity tables so when actual vertical cutoff values derived by trajectory

tracing in a model magnetosphere for each 5 degrees in latitude and longitude are available, these

updated data files can be incorporated into the software with minimum additional effort.



The vertical cutoff rigidity values for the upper vertical cutoff and the lower vertical cutoff

are converted to proton energies for direct comparison with energetic charged particle data and for

use in dose calculations.

Examples of capability of the Dynamic Geomagnetic Cutoff Rigidity Model•

We illustrate the computed change in vertical geomagnetic cutoff at 450 km as a function of

magnetic activity. These non-linear changes are a function of latitude• The change in vertical

cutoff rigidity at the longitude of the minimum vertical cutoff experienced by the International

Space Station (ISS) orbit in the northern hemisphere is illustrated in Figure 1.
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Figure 1. Illustration of the vertical cutoff reduction at various magnetic activity levels. The coordinates are
the locations of the lowest vertical cutoff value experienced by the ISS orbit at the specified latitude in the
Northern Hemisphere.

Rigidity is not the most convenient unit for use in comparing with energetic particle data

since most energetic particle measurements are in units of energy• For comparison purposes, we

have selected the invariant latitude calculated from the internal geomagnetic field as a common

parameter. We interpolated through the world grids of vertical geomagnetic vertical cutoff

rigidities for each magnetic activity level to determine proton vertical cutoff energy contours as a



functionof invariantlatitudeandobtainedanaverageinvariantlatitudefor eachenergy. These

resultsarepresentedin Figure2.

TheTsyganenko(1989)magnetosphericfield modeldescribesthemagnetosphericfield

topologiesfor theKp magneticindicesfrom 0 to 5. We haveutilized theBoberget al. (1995)

extensionto includetheprobableeffectof additionalring currentsduringseveremagneticstorm

conditions.ForconveniencewehavelabeledtheseasKp 6 through10for Dst incrementsof -100

nT. Thecurvesin Figure2 indicateanalmostlinearrelationbetweentheprotonverticalcutoff

energywith latitudein therangefrom about10MeV to afew hundredMeV. We notethatthe

changeof protonenergywith Kp is relativelyuniformovertherangeof theoriginalTsyganenko

(1989)model,but thecutoff changesintroducedby theBoberget al. (1995)extensionarenon-

linearwith theDst increment.
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Figure 2. Calculated changes in the effective vertical cutoff energy for protons at 450 km altitude as a
function of magnetic activity

Comparison with SAMPEX measured cutoffs

Smart and Shea (1967, 1994) found that the cutoff rigidity change with radial distance is

proportional to L -2. We fitted the vertical cutoff values at 450 km to the McIlwain L parameter

(calculated for the IGRF internal field) at each world grid location and interpolated as a function of

L for altitude and latitude, and linearly in longitude to derive vertical cutoff values appropriate for

the altitude of the SAMPEX spacecraft (- 600 Km). From these interpolations we determined the
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invariantlatitudecorrespondingto thecutoffsof theenergyrangesobservedby theSAMPEX

particledetectorsfor eachobservedKp valuefrom day304to day312of 1992(30Octoberto 7

November)to compareourvalueswith thosemeasuredby SAMPEX (Masonet al., 1995;Leskeet

al., 1997). Our simulationof theinvariantlatitudeof the29-64MeV protonverticalcutoff is

shownin Figure3. Whenwecomparethevaluesin this figure with thosederivedby Leskeet al.

(1997)we find ageneralsystematictrendthatourcalculatedprotonverticalcutoff energiesare

about1.5degreeshigher(polewardin latitude)thanthevaluespublishedby Leskeet al. (1997).

However,thereis onetime periodon 1November(day306)whentheDst valuesareexceptionally

quiet(prior to thearrivalof theinterplanetaryshockat2147UT andtheresultantmagneticstorm),

whenthereis anexceptionalagreementbetweenoursimulatedandtheSAMPEX derivedproton

cutoff latitudes.Therearealsotimeswhenmagneticstormactivity indicatedby thehourly Dst

indexis notreproducedin theKp magneticindex. Notethatthe3-houraveragingintervalof the

Kp indexwasdesignedto 'dampout'thehigherfrequencymagneticstormvariations.
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Figure 3. Simulation of the proton vertical cutoff energy variation as a function of the Kp index for the time
period of 31 October to 7 November, 1992.

Appendix A is a description of the 5-degree by 5-degree geomagnetic interpolation method.

This software was delivered to NASA Johnson Space Center in July 1999 and tested on the Space

Radiation Analysis Group DEC-Alpha computer system to ensure that it would properly interface

with other software currently used at NASA JSC.
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DESCRIPTIONOFTHE 5DEGREEBY 5 DEGREE
GEOMAGNETICCUTOFFINTERPOLATIONMETHOD

Preparedfor NASA/JSC/SRAG
by

D.F.SmartandM.A. Shea
CSPAR,Universityof Alabamain Huntsville

Huntsville,Alabama
July 1999

PROLOG

Ourbasicgeomagneticcutoffrigiditycalculationsfor 450kmaltitudehavebeencompletedonlyfor a
relativelycoursegridof 5degreesin latitudeand15degreesin longitude.Thesevalueshavebeen
determinedusingthetrajectory-tracingtechniquein theTsyganenkomagnetosphericmodelfor magnetic
activitylevelsrangingfrom"super-quiet"(Kp=0) to extraordinarilydisturbedconditions(Kp= 9+which
is,in thisprocess,Kp= 10).Thenetresultis thatthereare11uniquedatafilesgivingverticalcutoff
rigiditiesexpectedfor everylevelof magneticactivityquantifiedby integerKp valuesfrom0to 10.Each
of these11datafilescontainaveragesof verticalcutoffrigidityvaluescalculatedbythetrajectory-tracing
methodfor fourdifferentUniversalTimes:0000,0600,1200,and1800hoursUT.

These5-degreeby 15-degreeworldgridsof calculatedverticalcutoffrigiditiesareafirstapproximationfor
determiningcutoffrigiditiesfor theInternationalSpaceStation(ISS)orbit. Webelievethatasmallergrid
size,5degreesin latitudeand5degreesin longitude,wouldbebettersuitedtopredictinggeomagnetic
cutoffrigiditiesatspacecraftaltitudes.However,thiseffortisbeyondthescopeof thecurrentgrant.(We
estimatethatcompletingthe5-degreeby5-degreeworldgridof verticalcutoffrigiditiesfor thedifferent
magneticconditionsviathetrajectory-tracingmethodrequiresstate-of-the-artveryfastprocessorsforabout
1000processorhours.

Becauseof thecomputerworkinvolvedtodeterminethecutoffvaluesfor thebasicgrid,thescopeof this
specificgrantwastoproduceaninterpolationprocess(utilizingthepreviouslycalculatedverticalcutoff
rigidityvalues)thatwouldgenerateinterpolatedcutoffrigiditiesappropriatefor theISSasafunctionof
geomagneticactivity.

Inanticipationthatverticalcutoffrigidityvaluesforasmallerworldgrid(5degreesin latitudeand5
degreesin longitude)will eventuallybeavailable,wehavepreparedcutoffinterpolationsoftwarefor this
smallergridsize(utilizinginterpolatedcutoffrigidityvaluesfor thosegridpointsfor whichactualvertical
cutoffrigidityvaluesarenotavailable.)

ThisspecificsoftwareiscalledSubroutineLINT5X5(FLATD,FLOND,ALTKM,PTV,RLP,RUP,RCP).
Thecurrentdatafilesthatthissoftwarerequireshavebeengeneratedusingthebasic"L" interpolation
procedurefromthe5x 15degreeworldgridof verticalcutoffrigidityvaluescalculatedfor analtitudeof
450km. Thepurposeof installinga5x 5 degreegeomagneticcutoffinterpolationprocedureatthispointin
timeis to avoidlatersoftwarechangeswhenfinergridvaluesbecomeavailable.Updatestothevertical
cutoffrigidityvaluescanbeaccomplishedbymerelychanginginputdatafiles,andwill notrequire
significantsoftwaremodifications.



Thesoftwaredescribedbelowis intendedtobe"operational"softwarethatwill runquicklyandefficiently,
capableofprovidingreal-timeverticalcutoffrigidityvaluestotheJSCSRAGgroup.Thedatafiles
preparedfor this5degreeby5degreeinterpolationprocedurecontainpre-computedMcIlwain"L" valuesto
avoidhavingtocalculatetheseparameterseachtimeoneof thesedatafilesis loaded.

As noted previously, there are 11 data files (5 by 5 degree world grids of vertical cutoff rigidity values)
associated with this software. There is one data file corresponding to each integer magnetic activity level

ranging from a Kp magnetic index of zero to extremely disturbed magnetic activity identified as Kp = 10.

These 11 files are specifically identified in the description of subroutine SETUP5.

When this software is incorporated into other JSC SRAG software programs, some provision must be made

for automatically checking for a change in the Kp value and if this occurs, to load in the file of world grid

cutoff rigidity values corresponding to this magnetic activity level.

We have, for demonstration proposes, a test program based on the last two days of the STS28 orbit. This

program reads the spacecraft ephemeris data file, obtains the date and time from this file, checks for a Kp

index for the specified time, and automatically loads the world grid geomagnetic cutoff rigidity values (from
one of the 11 files) corresponding to the given magnetic activity level.
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ProgramLINT450J

Thisspecificprogramisfor testingpurposesonly. Itsprimarypurposeis totestandevaluatethe5-degree
by5-degreeverticalcutoffrigidityinterpolationsoftware.Thekeysubroutinesare

SubroutineSETUP5(KPIDX)
and
SubroutineLINT5X5(FLATD,FLOND,ALTKM,PTV,RLP,RUP,RCP)

Thesesubroutinesarerequiredfor thefinaloperationalversionof thesoftwarethatwill provide
geomagneticverticalcutoffrigidityvaluesfortheInternationalSpaceStation.

WhenprogramLINT450Jis initiated,it will askfor anon-lineentryof aKp value.Errorcheckinginsures
thatthemanualentryisanintegerbetween0and10.(If anunacceptablevalueisentered,thediagnostic
'Badtyping,tryagain'isprintedandthesoftwarewaitsfor anothervalue.)

Afterreceivinganacceptableentry,thesoftwarecallsforthesubroutineSETUP5(KPIDX),wherethe
integervariableKPIDXis theKpvalueenteredviathekeyboard.

Whatwearedoing,for thisparticulartest,is tocomparetheL-interpolatedcutoffvaluesfor a5-degreeby
5-degreeworldgridwithcutoffvaluesthathavebeencalculatedbythetrajectory-tracingmethod.Wehave
calculatedtheseverticalcutoffrigidityvaluesbythetrajectory-tracingmethodevery5degreesin latitude
and5degreesin longitudefor onesetof conditions:magneticactivityindexof Kp= 2(at0000LITon1
January1995)usingtheTsyganenkomagnetosphericmodel.A detailedcomparisonof thecalculatedvs.the
interpolatedvaluesallowsaquantificationof theutilityof employinga5degreein latitudeand15degreein
longitudeworldgridof cutoffrigidityvaluesforInternationalSpaceStationpurposes.

Forthistest,thesoftwarereadsadatasetof latitudes,longitudesandaltitudesfromunit3. (Thecurrent
tape3is thesetof worldgridcalculationsmadewiththeTsyganenkomagnetosphericmodelfor amagnetic
activityindexof Kp= 2asdescribedin thepreviousparagraph.)Foreachlatitude,longitudeandaltitude
entryread,thesoftwarecallssubroutineLINT5X5(FLATD,FLOND,ALTKM, PTV,RLP,RUP,RCP)
whichreturnsvaluesfortheaveragepenumbraltransparency(PTV),theuppercutoff(Ru),thelowercutoff
(RI),andtheeffectivecutoff(Rc).

Theinterpolatedgeomagneticcutoffrigidityvalues(RLP,RUP,andRCP,inunitsof GV)calculatedby
subroutineLINT5X5arewrittenontape7.Thisoutputunitalsocontainsthecalculatedgeomagneticcutoff
rigidityvaluesreadin (fromtape3),theinterpolatedgeomagneticcutoffrigidityvaluesforthespecified
latitude,longitudeandaltitude,andthedifferencebetweenthecalculatedeffectivecutoffrigidityandthe
interpolatedeffectivecutoffrigidity.

TheinterpolatedgeomagneticcutoffrigidityvaluesRLP,RUP,andRCParealsoconvertedto protonkinetic
energysinceenergyis theunitnormallyusedindosecalculations.Thisisaccomplishedthroughthe
subroutineAZRGEG.Firstthecutoffrigidityvaluesareconvertedfromunitsof GV toMV. (1GV= 1000
MV. SubroutineAZRGEGisdesignedtoacceptrigidityinunitsof MV andreturnenergyin unitsof MeV.)
Eachof thegeomagneticcutoffrigidityquantities(RLP,RUP,andRCP)isconvertedto protoncutoff
energies(EPNRL,EPNRU,andEPNRC).Thevariablenamesareintendedtoconveythequantityenergy
pernucleonfortheprotonlowercutoffvalue,theprotonuppercutoffvalue,andtheprotoneffectivecutoff
value.

Theinterpolatedgeomagneticcutoffprotonenergyvalues(EPNRU,EPNRL,andEPNRC,in unitsof MeV)
arewrittenontape8.
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SubroutineSETUP5(KPIDX)

Thissubroutinesetsupthecutoffrigidityarrays.TheargumentKPIDXdetermineswhichsetof cutoff
rigiditydataisenteredintothearrays.

Inputarguments
KPIDX Integervaluethatcorrespondsto theKpmagneticactivityindex

ReturnArguments
none

LabeledCommonarguments:
Blockname: SETRCL
/SETRCL/ RUG(37,75), RLG(37,75), RCG(37,75), FLG(37,75),

VKRU(37,75), VKRL(37,75), VKRC(37,75), PWV(37,75)

RUG(37,75)

RLG(37,75)

RCG(37,75)

FLG(37,75)
VKRU(37,75)

VKRL(37,75)
VKRC(37,75)

PWV(37,75)

Array of pre-computed upper vertical cutoff rigidity values for 450 km.

Array of pre-computed lower vertical cutoff rigidity values for 450 km.

Array of pre-computed effective vertical cutoff rigidity values for 450 km.

Array of pre-computed McIlwain "L" values for 450 km.
Array of Ru constants for the cutoff equation for each grid location

Array of RI constants for the cutoff equation for each grid location
Array of Rc constants for the cutoff equation for each grid location

Array of penumbral widths (zero in this version)

Dimensioned Variables

none

Data files:

There are 11 data files associated with this subroutine.

Depending on the variable KPIDX, a specific data file is loaded.

kp000av.dat

kpl00av.dat

kp200av.dat

kp300av.dat

kp400av.dat

kp500av.dat

kp5d 1av.dat

kp5d2av.dat

kp5d3av.dat

Pre-computed 5x5 world grid (five degrees in both latitude and longitude)

of cutoff rigidity values for the magnetic activity level of Kp = 0.

Pre-computed 5x5 world grid (five degrees in both latitude and longitude)
of cutoff rigidity values for the magnetic activity level of Kp = 1.

Pre-computed 5x5 world grid (five degrees in both latitude and longitude)

of cutoff rigidity values for the magnetic activity level of Kp = 2.
Pre-computed 5x5 world grid (five degrees in both latitude and longitude)

of cutoff rigidity values for the magnetic activity level of Kp = 3.

Pre-computed 5x5 world grid (five degrees in both latitude and longitude)
of cutoff rigidity values for the magnetic activity level of Kp = 4.

Pre-computed 5x5 world grid (five degrees in both latitude and longitude)
of cutoff rigidity values for the magnetic activity level of Kp = 5.

Pre-computed 5x5 world grid (five degrees in both latitude and longitude)

of cutoff rigidity values for the magnetic activity level of Kp = 6*.
Pre-computed 5x5 world grid (five degrees in both latitude and longitude)

of cutoff rigidity values for the magnetic activity level of Kp = 7*.

Pre-computed 5x5 world grid (five degrees in both latitude and longitude)

of cutoff rigidity values for the magnetic activity level of Kp = 8*.
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kp5d4av.dat

kp5d5av.dat

Pre-computed5x5worldgrid(fivedegreesinbothlatitudeandlongitude)
of cutoffrigidityvaluesfor themagneticactivitylevelof Kp= 9*.
Pre-computed5x5worldgrid(fivedegreesinbothlatitudeandlongitude)
of cutoffrigidity values for the magnetic activity level of Kp = 9+*

NOTE: The pre-computed grid values utilize actual computed vertical cutoff values

for the 5 degree in latitude and 15 degree in longitude grid points, and L-
interpolated vertical cutoff values for the remaining locations.

* The data for Kp = 6, 7, 8, 9, and 9+ are approximations obtained by adding an
external Dst disturbance in addition to the Kp values.

Operation:
When this subroutine is called, the variables in the labeled common block that are cutoff rigidity values or
"L" values are loaded with a value of -1.0. The variables loaded with -l's are:

RUG(37,75), RLG(37,75), RCG(37,75), FLG(37,75), PWV(37,75)

(In all further processing, a value of -1.0 indicates missing data.)

Depending on the value of KPIDX, a specific data file of cutoff rigidities is opened to be read. The data file
must contain (on each line) a latitude, longitude, zenith, azimuth, altitude, "L" value, upper cutoff rigidity,

lower cutoff rigidity, penumbral width, and effective cutoff rigidity. As each "line" is read, the latitude and

longitude are converted to grid indices and then the cutoff data and "L" value are loaded into the appropriate
data array. The data file is read until an End-of-File indicator is found. Then, a data checking sequence is
initiated.

In the operational version of this software, the diagnostic output is normally turned off in order to increase

the operational speed. To obtain diagnostics, the program must be re-compiled with the specific diagnostic

print turned on. The control variables for the diagnostic printouts are the integer variables:
idg22, idg23, idg24, idg25, idg26, idg27, idg28, idg29,

idg30, idg31, idg32, and idg33. These values are normally set to zero.

Data checking:

(1). When a world grid cutoff rigidity file is loaded, every grid point is checked for a cutoff value. If any

values are missing, then a one-line diagnostic is written instructing the operator to check the "missing.dat
file" for the grid location values that are missing. (If this error message occurs, the data file should be

corrected immediately!) The software will continue and fill in any missing grid values by interpolation.

(2). There must be a Mcllwain "L" value at every grid point. These values should be in the data file loaded;

however, if a value is missing it will be computed by a call to the initial B and L subroutine INVAR. The

diagnostic file is 't22setl'. (unit 22 open statement)

(3). At high polar latitudes, the cutoff values can be artificially "jagged" because the 0.01 GV sampling

intervals can be large compared with the cutoff value. (The allowed-forbidden criteria of the trajectory-

tracing technique is beyond the scope of this report, but jagged contours can result in any region of the

world, but particularly in the polar regions.) Cutoff values below 0.1 GV are fitted by the "L" parameter and
smoothed values obtained. A separate output file can be obtained for each fit.

Upper cutoff values (Ru) can be on file 't23rufit'. (unit 23 open statement)

Lower cutoff values (R1) can be on file 't24rlfit'. (unit 24 open statement)
Effective cutoff values (Rc) can be on file 't25rcfit'. (unit 25 open statement)
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Theoriginalcutoffvaluesin thedatafile arereplacedbythefittedvaluesforcutoffsbelow0.1GV. A
separateoutputfile canbeobtainedforeachsetof cutoffrigiditiesreplaced.

Uppercutoffreplacement(Ru)onfile 't26rufit'.(unit26openstatement).
Lowercutoffreplacement(R1)onfile 't27rlfit'. (unit27openstatement).
Effectivecutoffreplacement(Rc)onfile 't28rcfit'.(unit28openstatement).

Theinterpolationtechniquepresumesauniformgridat5-degreeintervals.Thepolarpoints,90degrees
latitudebothnorthandsoutharespecialcases.Topreserveauniformgrid,pseudo5-degreelongitude
intervalsareconstructedatnorth90andsouth90. Thesepseudolongitudesall containthesamevalue.The
valueswrittenin thesepseudolongitudesareonfile "t29plr'.(unit29openstatement)

Anotherspecialcaseistheinconvenientfactthatthemagneticfieldroutinewill "blowup"at90degrees.
Thisiscircumventedbysubstitutingalatitudeof 89.98for90degreesin magneticfieldcalculations.

Thebasisof theinterpolationtechniqueis thefactthattheMcllwain"L" parametercanbeutilizedin the
cutoffequationfor thecosinesquaredofthemagneticlatitude.Theequation

R= Constant/L2 where,forthisdiscussionweusethefollowing:

R= V(k)/L2

is presumed to exist at every gird location. The data file loaded in supplies the cutoff value and the "L"
value. The software solves this equation for the constant V(k) at every grid point. A specific value for

V_kRu),V_kR_),and V_c), is computed at each grid location in order to allow for the higher order variations in

the earth's magnetic field. These V_k)values can be written to files for diagnostic checking. Tabular listing

of the key values (i.e. the cutoff value, the "L" value, and the V_k)value) can be written to tables. These
tables are organized so there will be one-quarter hemisphere per page, when printed on paper at 15

characters per inch.

The upper cutoff (Ru) table can be on file 't30rutbl'. (unit 30 open statement).
The lower cutoff (RI) table can be on file 't3 lrutbl'. (unit 31 open statement).
The effective cutoff (Rc) table can be on file 't32rctbl'. (unit 32 open statement).

There is provision for a future diagnostic table of penumbral widths. The penumbral width is the difference

between the upper computed cutoff (Ru) and the lower computed cutoff (R1).
The penumbral width table can be on file 't33pwtbr. (unit 33 open statement).
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SubroutineLINT5X5(FLATD,FLOND,ALTKM,PTV,RLP,RUP,RCP)

Thisisthe"workhorse"subroutinetoobtainageomagneticverticalcutoffvalue.

Inputarguments
FLATD Geographiclatitudeindegreesof thespacecraftposition.(Northispositive:0= equator)
FLOND Geographiclongitudeindegreesof thespacecraftposition.(PositiveisEastof Greenwich)
ALTKM Attitudeinkilometersabovetheearth'ssurfaceof thespacecraftposition.

ReturnArguments
PTV AveragetransmissionbetweenRUPandRLPatthespacecraftposition.
RLP Geomagneticverticalcutoffrigidity(inGV)atthespacecraftposition.Lowestvalue.
RUP Geomagneticverticalcutoffrigidity(inGV)atthespacecraftposition.Highestvalue.
RCP Geomagneticverticalcutoffrigidity(inGV)atthespacecraftposition.Effectivevalue.

LabeledCommonarguments:
Blockname: SETRCL
/SETRCL/ RUG(37,75), RLG(37,75), RCG(37,75), FLG(37,75),

VKRU(37,75), VKRL(37,75), VKRC(37,75), PWV(37,75)

RUG(37,75) Array of

RLG(37,75) Array of
RCG(37,75) Array of

FLG(37,75) Array of

VKRU(37,75) Array of
VKRL(37,75) Array of

VKRC(37,75) Array of
PWV(37,75) Array of

pre-computed upper vertical cutoff rigidity values

pre-computed lower vertical cutoff rigidity values
pre-computed effective vertical cutoff rigidity values

pre-computed McIlwain "L" values
Ru constants for cutoff equation for each grid location

R1 constants for cutoff equation for each grid location
Rc constants for cutoff equation for each grid location

penumbral widths (zero in this version)

Block name:

/DIAGC/

LTS(37)

LNS(75)

DIAGC

LTS(37), LNS(75)

Array of latitude values every 5 degrees (+90 to -90)

Array of longitude values every 5 degrees (-5 to 365)

Dimensioned Variables

PVTVDAT(16) Array of average penumbral transmission at each GV

Data files: none

Operation:

The initial calculations are performed for an altitude of 450 km, after which an interpolation to the

spacecraft altitude is applied.

When the subroutine is called (with the coordinates and altitude of a specific spacecraft location) the latitude

and longitude are converted to the correct geographic grid "box" on the 5-degree by 5-degree world grid

"map". For each of the four corners of the grid "box" there are pre-computed constants for the cutoff
equation in terms of the Mcllwain "L" coordinate.

The basis of the interpolation technique is the fact that the Mcllwain "L" parameter can be utilized in the

cutoff equation for the cosine squared of the magnetic latitude. The constants for the equation
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R= Constant/L2where,for thisdiscussionweusethefollowing:

R= V_k)/L2

werecalculatedin subroutineSETUP5for everygridlocationandstoredin theappropriateV(k)arrays.The
datafile loadedin bysubroutineSETUP5,suppliedthecutoffvalueandthe"L" valueforeachgridpointat
450-kmaltitude.Theorientationof thespecifiedlatitudeandlongitudepositionof thespacecraftwithinthe
gridboxis thendetermined.TheMcIlwain"L" coordinateof thespacecraftlatitudeandlongitudeis
computedfor450km(thealtitudeof thepre-computedvaluesatthecomersof thebox). A cutoffvalueat
450kmateachcomerof theboxispresentin thecutoffdataarrays.

Wethendeterminethecutoffvalueof thespacecraftlatitudeandlongitudeat450kmasfollows:

(1) UsingtheL valueof thespacecraftlatitudeandlongitude(at450km)andtheconstantsfor the
abovecutoffequationateach"boxcomer",wedetermineacutoffvalueatthelatitudeof thespacecraft
alongtheleftandrightsideof the"box".Fortheleftsideof the"box",theconstantfor theupperleftgrid
locationisappliedwiththespacecraftL valueto obtainthefirsttrial leftcutoffrigidity. Nexttheconstant
for thebottomleftgridlocationisappliedwiththespacecraftL valuetoobtainthesecondtrial leftcutoff
rigidity. Thenthesetwovaluesareaveragedtoobtaina"leftside"cutoffrigidity. Thisprocessisrepeated
for therightsideof thebox.

(2) Wethenfindtheinterpolatedcutoffvalueatthespacecraftlongitudeusinglinearinterpolation
betweenthecutoffvaluesobtainedfor theleftsideandtherightsideof the"box"atthespacecraftL
coordinateat450kin. Theabovetwostepsareappliedto obtaintheappropriateR1,Ru,andRcvaluesfor
thespacecraftcoordinatesat450-kmaltitude.A value for V<k_is specifically computed for the spacecraft
coordinate (latitude and longitude) in the "box" using the cutoff rigidity values calculated above and the "L"

value in the box. A value is obtained for V_kRu),VCkR1),and V_kRc_.

Next we obtain the cutoff rigidities at the spacecraft altitude.

If the spacecraft altitude is not at 450 km, then the McIlwain "L" coordinate is computed at the spacecraft

position and altitude and "L" interpolation is used to extrapolate from the values at 450 km altitude to the
spacecraft altitude. The previously computed values of V_k)for the spacecraft latitude and longitude are used
with the "L" coordinate of the spacecraft latitude, longitude and altitude to compute the cutoff values Ru(p),

Rl(p), and Rc(p) where the final character (p) implies the actual spacecraft position (i.e. latitude, longitude
and altitude).

The penumbral transparency (average transmission between the upper cutoff value and the lower cutoff

value) is found by a lookup in the PVTVDAT array based on an index that is the magnitude of the average

cutoff rigidity in GV.
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SubroutineAZRGEG(NA,NZ,PAMU,RIGIN,EPN,BETA)

Thisisasubroutineforrigidityto energyconversionandvise-versa

Inputarguments:
NA
NZ
PAMU

integeratomicnumber
integeratomiccharge
physicalmassunitof element(orisotope)

Utility arguments
RIGIN
EPN

RigidityinMV
EnergypernucleoninMeV

ReturnArguments
BETA particlespeedasafractionof lightspeed(v/c)

LabeledCommonarguments: none

DimensionedVariables none

Datafiles: none

Operation:
Whenthesubroutineiscalledit candoeitherarigidity-to-energyconversionoranenergy-to-rigidity
conversion.If thevariableRIGIN ispositive,thentheconversionisrigidity-to-energyandtheoutput
energyis in thevariableEPN.If thevariableRIGINis initiallysettozerooranegativevalue,thenthe
conversionisenergy-to-rigidity.ThevalueRIGINisreplacedwiththeappropriaterigidityvalueforthe
energyspecifiedin thevariableEPN.Thesubroutinewill workfor anyelementor isotope.It isnecessary
to specifytheatomicnumber(1forprotons),theatomiccharge(1for protons)andtheatomicmassin
physicalmassunits(1.0081451for protons).(FortheInternationalSpaceStationcutoffrigidity
interpolationprocessweonlyutilizetheprotonrigidity-to-energyconversion.)TheRIGINmustbein the
rigidityunitMV. TheEPN(energypernucleon)will beinMeV.

Whencalledwiththeproperarguments,thesoftwarefirst teststhevalueof thevariableRIGIN to
determinewhichconversiontoperform.Thetotalkineticenergyof theparticleiscomputed.Thenextstep
is tocomputetherelativisticgamma.(Therelativisticgammafactorisa"naturalunit"usedinhigh-energy
physicsthatistheratioof theparticlekineticenergyto restmassenergy.)Fromtherelativisticgamma
factor,eitherenergyorrigiditycanbecomputed.TheparticlespeedBETA canalsobecomputedfromthe
relativisticgammafactor.TheparticlespeedBETA isreturnedasanargumentsinceit isusefulinmany
conversionssuchasdifferentialflux in termsof energyorrigidity.


